The enhancement of the anomalous Hall effect has been realized by capping one monolayer Cu on Ni thin films. This approach with artificial interface engineering is proved to be an effective way to improve spin to charge transformation and may have potential application in spintronics. By manipulating the electron spin current, spintronics might provide opportunities to decrease electric power consumption and increase integration density in future devices. 1 In order to incorporate spin into present semiconductor industry, realization of the inter-conversion between spin current and charge current is essential. [2] [3] [4] [5] [6] [7] Such interconversion can be achieved either by the intrinsic mechanism or by the extrinsic mechanisms under the presence of spin-orbit coupling in the anomalous Hall effect (AHE) 8, 9 and the spin Hall effect (SHE). 10, 11 On one hand, the intrinsic contribution is determined by the band structure and thus material specific. [12] [13] [14] [15] [16] [17] On the other hand, the extrinsic contribution is related to the electron scattering and should be sensitive to impurity potential. [18] [19] [20] [21] So enhancing the extrinsic contribution appears to be a practical way to achieve high spin-charge inter-conversion efficiency for a given material.
Apparently, the AHE can be considered as a special version of the SHE where the transverse charge imbalance is built up; in contrast, the SHE also can be regarded as a special case of the AHE at zero magnetization. 10 In recent studies of the spin Hall effect, the skew scattering 18, 19 is found to be the dominant contribution in many nonmagnetic materials. [22] [23] [24] [25] [26] For example, giant spin Hall effect has been achieved by doping or alloying Ir and Bi in Cu, 27, 28 which indicates promising future for application. Tuning the surface scattering is also declared to be an alternative approach to manipulate the SHE; however, the direct experiment identification is still missing. 24 Considering the difficulty in the non-local detection scheme of the SHE, we take advantage of the charge accumulation in the AHE to explore this method. In this letter, we show unambiguously that the AHE is significantly enhanced by one monolayer (ML) Cu on Ni thin films.
The Ni thin films were deposited at room temperature on MgO(001) substrate by molecular beam epitaxy at base pressure better than 1 Â 10 À8 Pa, and the detailed growth method was published in our earlier work. 29 Six steps of Ni with various thicknesses were prepared by employing shadow mask during the evaporation. Then 1 ML Cu was epitaxially grown on top of half the area of the steps as illustrated in Fig. 1(a) . The quality of the substrate and the sample was verified by the sharp reflection high energy electron diffraction (RHEED) patterns, as shown in Fig. 1(b) . Finally, in order to prevent oxidation, a protection layer of 4 nm MgO was deposited on top of the film before taken out from the UHV chamber. Both sides of the step with and without Cu were patterned into standard Hall bars by photolithography. By this "side by side" design, the effect of interface modification can be determined directly from comparison. The electrical transport measurements were carried out in a physical property measurement system (PPMS 9 T, 1.5 K).
The thickness dependence of residual resistivity (q xx0 ) for Ni films is shown as red diamonds in Fig. 1(c) . The sizeable tuning of q xx0 via varying thickness clearly indicates the finite size effect and the role of interface scattering. 30, 31 The q xx0 of the Ni films capped with Cu layer (denoted as "Cu/ Ni") is reduced, also shown as green pentagons in Fig. 1(c) . 
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to explain the suppression of q xx0 observed here. Presumably, the decreased resistivity at the interface of MgO/(1 ML)Cu/Ni comparing to that of MgO/Ni is caused by the increased specular scattering. 31 Figs. 2(a) and 2(b) show the temperature dependence of the longitudinal conductivity r xx and the anomalous Hall conductivity r ah , for two representative film thicknesses 6 nm and 30 nm. Compared with the slightly enhanced longitudinal conductivity r xx , r ah of the Cu-capped samples shows much more significant enhancement, especially at low temperature. The enhanced Hall effect induced by Cu capping layer further indicates that the shunting effect is irrelevant to the observed phenomenon.
To gain more insight into the enhancement of the AHE, in the following we seek to analyze and distinguish the contributions to the AHE by different mechanisms. According to the proper scaling:
29,31,32 the AHE at 5 K can be described as
where a is the parameter of the skew scattering, b denotes the side jump, and b is the intrinsic AHE. The plot of Àq ah0 =q xx0 versus q xx0 is shown in Fig. 3(a) and linearly fitted according to Eq. (1). Àðb þ bÞ, indicated as the slopes in Fig. 3(a) , remains almost the same for uncapped and capped samples (1170 S/cm for Ni films and 1180 S/cm for Cu/Ni films, respectively). We note that the value of the derived Àðb þ bÞ in Ni quantitatively agrees with the previous finding of Ref. 29 that the intrinsic AHE Àb in Ni/MgO(001) films is about 1200 S/cm at 5 K and the side jump parameter b is about zero. More importantly, the derived a or equivalently the skew scattering Hall angle is À1:2 Â 10 À3 for Ni films, while for Cu-capped samples it is almost two-fold magnified, reaching À2:1 Â 10 À3 , clearly indicated in Fig.  3(a) as the intercepts of the linear fitting. This result indicates that the enhancement of the AHE induced by the interface modification can be exclusively attributed to skew scattering. We find this result very reasonable, since the Cu capping layer cannot alter the band structure, which determines the intrinsic AHE.
To be more transparent, we shall examine the origin of the anomalous Hall conductivity enhancement Dr ah throughout the entire temperature region. Fig. 3(b) Fig. 3(b) , we find that Dr sk coincides with Dr ah for the entire temperature region, in nice agreement with the previous finding at low temperature. As discussed above, the two-fold enhancement of skew scattering apparently originates from the interface modification by the Cu capping layer. The prominent role played by Cu atoms appears counterintuitive against the conventional picture, which light elements contribute little to spin-orbit coupling related scattering mechanisms including skew scattering. This finding, however, may be presumably related to the recent ab initio calculation study. 23 In Ref. 23 , it is found that light elements such as C impurity (negligible spin-orbit coupling) in Au give much larger Hall angle than heavy impurities such as Ag and Pt, which is interpreted as the dominance of the potential perturbation at the impurity position over the spin-orbit coupling strength of the impurity atom.
In conclusion, we have found that the interface modified by the copper capping layer can significantly enhance skew scattering Hall angle in Ni/MgO(001) thin films as large as two-fold, while no observable influence on the other mechanisms of the AHE is found. We propose that by selecting proper capping layer, similar enhancement can be found in spin Hall devices. Our finding opens the door for an alternative way of magnifying the spin-related transport effect. 
